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Unified Mechanisms of Ca2 Regulation
across the Ca2 Channel Family
observed indications of N-type channel CDI (Cox and
Dunlap, 1994; Morad et al., 1988), others have provided
no clear evidence for such regulation (Jones and Marks,
Haoya Liang,1,3 Carla D. DeMaria,1,2,3
Michael G. Erickson,1 Masayuki X. Mori,1
Badr A. Alseikhan,1 and David T. Yue1,*
1989; Meuth et al., 2002), and interaction between1Ca2 Signals Laboratory
N-type channels and CaM has been reported to be ex-Departments of Biomedical Engineering
tremely weak (Peterson et al., 1999) or completely ab-and Neuroscience
sent (Zuhlke et al., 1999). More recently, native R-typeThe Johns Hopkins University School of Medicine
channels in hair cells have been reported to exhibit de-720 Rutland Avenue
tectable CDI (Martini et al., 2000), though the absenceBaltimore, Maryland 21205
of specific R-type channel pharmacology remains an2 Office of Technology Licensing
issue (Xu and Lipscombe, 2001). In general, the frequentGeorgetown University
presence of multiple types of Ca2 channels in neurons,4000 Reservoir Road NW
including L- and P/Q-type with strong Ca2 regulation,Washington, District of Columbia 20057
makes it challenging to unequivocally ascribe CDI to
one channel type or another. By contrast, in expression
studies of recombinant N- and R-type channels, whereSummary
clear isolation of channel type is expected, there has
been an almost universal failure to detect Ca2 regula-L-type (CaV1.2) and P/Q-type (CaV2.1) calcium chan-
tion of N-type (Cens et al., 1999; Jones et al., 1999; Patilnels possess lobe-specific CaM regulation, where Ca2
et al., 1998) (but see Shirokov, 1999) or R-type channelsbinding to one or the other lobe of CaM triggers regula-
(Bernatchez et al., 2001; Cens et al., 1999; de Leon ettion, even with inverted polarity of modulation between
al., 1995; Zhou et al., 1997). In fact, R-type channelschannels. Other major members of the CaV1-2 channel
have even served as inert partners in chimeric-channelfamily, R-type (CaV2.3) and N-type (CaV2.2), have ap-
screens for the structural basis of L-type channel CDIpeared to lack such CaM regulation. We report here
(Bernatchez et al., 2001; de Leon et al., 1995; Zhou etthat R- and N-type channels undergo Ca2-dependent
al., 1997). Overall, recent reviews and commentariesinactivation, which is mediated by the CaM N-terminal
(Budde et al., 2002; Ikeda, 2001; Soldatov, 2003) havelobe and present only with mild Ca2 buffering (0.5 mM
thus characterized N-type channels as lacking or incon-EGTA) characteristic of many neurons. These features,
sistently showing CDI, and R-type channels as probablytogether with the CaM regulatory profiles of L- and P/Q-
devoid of CDI.type channels, are consistent with a simplifying princi-
Here, we report the unexpected findings that not onlyple for CaM signal detection in CaV1-2 channels—
does a unified CaM mechanism generalize across CaV1-2independent of channel context, the N- and C-terminal
family members but its manifestation in R- and N-typelobes of CaM appear invariably specialized for decod-
channels reveals elementary features pertinent to alling local versus global Ca2 activity, respectively.
the channels. First, R- and N-type channels do, in fact,
exhibit robust CDI but only when intracellular Ca2 buff-Introduction
ering is reduced toward levels that are physiological
for many neurons. These forms of CDI are triggeredL-type (CaV1) Ca2 channels have long been renowned selectively by Ca2 binding to the N-terminal lobe offor Ca2-dependent inactivation (Lee et al., 1985) (CDI),
CaM, which is preassociated with channels. Together
a life-sustaining feedback mechanism (Alseikhan et al.,
with analogous L- and P/Q-type channel regulatory pro-
2002) now recognized to reflect activation of preassoci-
files (DeMaria et al., 2001; Peterson et al., 1999; Soong
ated calmodulin (CaM) in response to Ca2 entry (Erick- et al., 2002), some with preference for C-terminal lobe
son et al., 2001; Peterson et al., 1999; Pitt et al., 2001; activation, these R- and N-type channel properties point
Zuhlke et al., 1999). Only recently have P/Q-type (CaV2.1) to the existence of a simplifying principle for CaM signal-
channels been shown to possess variant (Lee et al., ing, consistently applicable across the Ca2 channel
1999) but mechanistically related forms of regulation family as follows. Regardless of the specific channel
(DeMaria et al., 2001), ones which emphasize unusual type in question, Ca2 influx of a given channel selec-
CaM lobe-specific signaling present in both channel tively activates the C-terminal lobe of its resident CaM,
types (DeMaria et al., 2001; Peterson et al., 1999). Other whereas aggregate Ca2 influx from distant sources
members of the major (CaV1-2) Ca2 channel family— preferentially triggers the corresponding N-terminal
R-type (CaV2.3) and N-type (CaV2.2)—have stood funda- lobe. Another new finding is that dislodging preassoci-
mentally apart, showing highly variable evidence of Ca2 ated CaM from R- and N-type channels not only ablates
regulation (Cens et al., 1999; Cox and Dunlap, 1994; de CDI but causes striking acceleration of a distinct volt-
Leon et al., 1995; Jones et al., 1999; Jones and Marks, age-dependent inactivation process (Imredy and Yue,
1989; Meuth et al., 2002; Morad et al., 1988; Patil et al., 1994; Jones et al., 1998, 1999; Patil et al., 1998) (VDI).
1998; Shirokov, 1999). In neurons, though some have CaM preassociation thus generalizes as a potent deter-
minant of VDI in these and probably all the CaV1-2 chan-
nels (Erickson et al., 2003). Finally, beyond mechanism,*Correspondence: dyue@bme.jhu.edu
3These authors contributed equally to this work. the existence of CaM-mediated regulation of R- and
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Figure 1. CaM Interaction with R- and N-Type Ca2 Channels
(A) Ca2 Inactivation (CI) region sequence homologies among main subunits of L- (rabbit 1C, aa 1522–1670) (de Leon et al., 1995), R- (rat 1E,
1691–1842) (Jones et al., 1998), and N-type (human 1B, 1724–1876) (Jones et al., 1999) channels. Cartoon shows physical orientation of CI
region. CI alignment emphasizes conservation of sequence and predicted helical structure (blue shading, 82% probable helical content,
PhD analysis [Erickson et al., 2003]). A domain, 1C segment showing in vitro interaction with apoCaM (Pitt et al., 2001).
(B and C) Ca2/CaM binding to IQ peptides, detected by dansyl-CaM fluorescence. Inset, wild-type peptide at top; dots indicate conserved
residue in mutant peptide; canonical IQ motif at bottom. Below, smooth curves are least-square fits of Hill equation: IQE (Kd  83 nM, Hill
coefficient h  1.44); IQE/5A (648 nM, 1.58); IQB (670 nM, 1.1); IQB/5A (12,000 nM, 1.12).
(D) Schematic of tested FRET pairs, with channel segments marked in (A).
(E) ApoCaM (CaM1234) interaction with PreIQ3-IQ segments, probed by in situ two-hybrid FRET. Top, effective FRET efficiency (EEFF) for channel
stretches pitted against CaM1234-YFP, averaged from n cells. Statistically significant differences: PreIQ3-IQ versus EF (*), PreIQ3-IQ5A versus
PreIQ3-IQ (**). Bottom, P(S), probability that fluorescence of a given cell (YFP cube [500RDF25, 525DRLP, 530EFLP, Omega])  value on the
x axis (S). Smooth curves, Gaussian fits to population histograms. Right shift or equality of mutant versus wild-type histograms indicates that
concentration of binding reaction substrate (CaM1234-YFP) in mutant peptide experiments was greater than or equal to that in wild-type case.
N-type channels broadens significantly the neurobiol- channels (Erickson et al., 2001). Still, the functional impli-
cations of these homologies and binding results remainogy of Ca2 feedback.
unclear, for CaM association with molecular targets
does not guarantee Ca2 regulation (Grunwald et al.,Results
1999), and binding between 1B and CaM has been re-
portedly very weak (Peterson et al., 1999) or completelyCaM Binds to Key R- and N-Type Channel Segments
absent (Zuhlke et al., 1999).In contrast to the apparently inconsistent functional evi-
Given the varied implications of prior findings, wedence for Ca2-dependent regulation in R- and N-type
sought to strengthen the evidence for CaM interactionchannels, the principal subunits of both channels, 1E
with R- and N-type channels before embarking on aand 1B, respectively, possess clear sequence homolo-
renewed functional screen for Ca2 regulation of thesegies to the molecular elements required for Ca2/CaM
channels. Regarding Ca2/CaM interaction with pep-regulation of L-type channels, i.e., the “CI” region of 1C
tides spanning the IQ regions of 1E and 1B (IQE andsubunit (Figure 1A). Corresponding carboxyl-tail seg-
IQB), we performed quantitative spectrofluorometric ex-ments of 1B and 1E both feature recognizable “IQ” and
periments with dansyl-CaM (DeMaria et al., 2001) (Figure“EF-hand” motifs; the former appears critical for CaM
1B). IQE bound Ca2/CaM with high affinity (Kd  83 nM),interactions (Zuhlke et al., 1999), and the latter for trans-
and IQB also showed unmistakable, though lower-affinityduction of CDI (Peterson et al., 2000) in the L-type chan-
binding (Kd  670 nM). In addition, particularly informa-nel. In addition, gel-mobility shift assays qualitatively
tive mutations in L-type channels have been the simulta-confirmed Ca2/CaM interaction with peptides spanning
neous introduction of alanines at five critical positionseither the IQ (Pate et al., 2000; Peterson et al., 1999) or
within the IQ region of 1C; such “IQ-5A” mutations elimi-PreIQ3 (Pate et al., 2000) regions of 1E, and our in situ
nate CDI and greatly attenuate Ca2/CaM interactionfluorescence resonance energy transfer (FRET) experi-
ments have demonstrated CaM preassociation with R-type with mutant IQC/5A peptide (Zuhlke et al., 2000). Analo-
Ca2 Regulation across the Ca2 Channel Family
953
Figure 2. Initial Failure to Detect Ca2 Regu-
lation of R- and N-Type Channels
(A) L-type channel CDI, illustrated by faster
decay of Ca2 (gray) versus Ba2 currents
(black) during 1 s depolarization. Throughout,
Ba2 traces for CDI were scaled to match
Ca2 traces (at scale with bar), and tail cur-
rents were clipped at borders. Internal Ca2
buffering with 5 mM EGTA.
(B and C) Lack of analogous R- and N-type
CDI under conditions and format as in (A).
Insets, lack of R- and N-type channel CDI
with 10 mM BAPTA as intracellular Ca2
buffer; steps to 10 mV (B) and 20 mV (C).
(D) P/Q-type channel CDF, seen as slow-acti-
vating phase b of test-pulse Ca2 current
(at5 mV) without prepulse (gray) or as rapid-
activating facilitated current (black) after pre-
pulse. To enhance visual comparison of CDF
kinetics, test-pulse current without prepulse
scaled 5% to match response without pre-
pulse at end of test pulse. 0.5 mM internal
EGTA.
(E and F) Lack of analogous R- and N-type
CDF under conditions and format as in (D).
gous mutant IQE/5A and IQB/5A peptides also showed son, Kd,EFF for the 1C preIQ3-IQ peptide is 18,400 (Erick-
son et al., 2003). Overall, these findings suggest thatclearly diminished affinity for Ca2/CaM (Figures 1B and
1C), suggesting that IQE, IQB, and IQC share similar CaM 1E, 1B, and 1C all have similar apoCaM preassociation
pockets, though that for 1B has a lower affinity.binding chemistries (see the Supplementa Data avail-
able online at http://www.neuron.org/cgi/content/full/
39/6/951/DC1, Section 1). CaM-Mediated R- and N-Type Channel CDI
Encouraged by the new molecular interaction data, weConcerning preassociation of Ca2-free CaM (apo-
CaM) to channels, our in situ FRET assays have recently rescreened R- and N-type channels for Ca2 regulation.
Expression of recombinant channels in HEK 293 cellsestablished that the preIQ3-IQ segment on 1C forms a
functionally critical preassociation pocket (Erickson et was used throughout to provide unambiguous isolation
of channel type. First, we probed for the classic modula-al., 2003). We here utilized a similar live-cell FRET ap-
proach to test for interaction arising from CFP-tagged tory process CDI, using standard conditions for visualiz-
ing such regulation in the prototypic context of L-typeversions of the preIQ3-IQ segments of either 1E or 1B
(Figure 1A), paired against a YFP-tagged mutant CaM channels (de Leon et al., 1995; Peterson et al., 1999) (5
mM EGTA internal Ca2 buffering). For reference, Figure(CaM1234) serving as an apoCaM surrogate (Figure 1D).
CaM1234 is a fully Ca2-insensitive CaM, with aspartate- 2A displays the typical appearance of L-type channel
CDI, with faster decaying Ca2 (gray trace) than Ba2to-alanine mutations at the “x” position of all four EF
hands (Peterson et al., 1999); hence, the use of CaM1234 current (black trace). By contrast, R- and N-type chan-
nels exhibited nearly identical decays of Ca2 and Ba2ensured that any observed interactions would not re-
quire Ca2 activation of CaM. Using this approach, FRET current (Figures 2B and 2C), indicating a lack of CDI.
Next, we tested for Ca2-dependent facilitation (CDF),donor-dequenching assays (Erickson et al., 2001, 2003)
revealed unmistakable FRET interaction (Figure 1E), a related CaM regulatory process that is prominent in
P/Q-type (CaV2.1) Ca2 channels. Ca2 traces from theseclearly elevated over controls (EF). Moreover, corre-
sponding IQ-5A mutations in preIQ3-IQ5A peptides of channels illustrate the characteristics of CDF (Figure
2D), as seen with the usual solutions for characterizingboth 1E and 1B strongly attenuated FRET interaction
(Figure 1E), just as for the corresponding mutant preIQ3- P/Q-type channels (DeMaria et al., 2001) (“near physio-
logical” intracellular Ca2 buffering, 0.5 mM EGTA). CDFIQ peptide of 1C (Erickson et al., 2003). Importantly,
experiments comparing wild-type and mutant preIQ3-IQ was resolved as a slower phase of Ca2 current increase
(gray trace, “b”), following an initial rapid activation com-interactions had similar or increased expression of YFP-
tagged CaM1234 (Figure 1E, bottom), so the contrasts ponent (“a”). Phase a reflects rapid activation of chan-
nels opening with a normal gating pattern, and phasein FRET reflect legitimate changes in affinity, not just
variations in substrate (CaM1234) concentration (Erickson b reports slower, Ca2-driven conversion to a facilitated
gating pattern with higher open probability. Another fea-et al., 2001). Explicit binding-model fits of these data
(Erickson et al., 2003) indicated that the relative dissoci- ture of CDF is that Ca2 entry during a voltage prepulse
facilitates channels in advance; hence, the ensuing test-ation constant (proportional to actual Kd) of the 1E
preIQ3-IQ peptide for CaM1234 (Kd,EFF) is 1800, and that for pulse current activated rapidly and uniformly to the facil-
itated level (black trace). By contrast, neither R- northe 1B preIQ3-IQ peptide is higher (52,000). For compari-
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Figure 3. CaM Mediates R- and N-Type Channel CDI
(A) CDI of R-type channels, observed with 0.5 mM internal EGTA. Top, exemplar test-pulse currents showing robust CDI; display format as
in Figure 2A. Bottom, r800, averaged from n cells. f taken at 10 mV.
(B–D) R-type channel CDI during viral-mediated coexpression of various CaMs, indicating CaM N-lobe-mediated CDI. Format as in (A).
(E–H) Analogous form of N-type channel CDI; format as in (A)–(D).
N-type channels showed CDF (Figures 2E and 2F), again buffering (compare Figures 2B and 3A) was reminiscent
of P/Q-type channel CDI, triggered by Ca2 binding toweighing against Ca2 regulation.
However, clear evidence of Ca2 modulation was ob- the N-terminal lobe (N-lobe) of preassociated CaM, act-
ing via the IQ region of cognate channels (DeMaria ettained upon reexamination of R-type channel CDI, using
the milder Ca2 buffering of CDF experiments. Here, al., 2001; Soong et al., 2002). Could R-type channel CDI
involve a similar mechanism? The near elimination ofexemplar Ca2 currents decayed sharply faster than
Ba2 currents (Figure 3A, top). On average (bottom), the CDI, seen upon coexpressing R-type channels with fully
Ca2-insensitive CaM1234 (Figure 3B), strongly implicatedfraction of peak Ca2 current present after depolarizing
for 800 ms (r800) bore a U-shaped dependence upon test- CaM as the Ca2 sensor for this form of CDI. Moreover,
CaM1234 would eliminate CDI only if CaM were preassoci-pulse voltage (open circles), providing a hallmark of CDI
(DeMaria et al., 2001; Peterson et al., 1999). The corre- ated with preferential access to a CDI effector site; oth-
erwise, functional endogenous CaM should preservesponding Ba2 relation (filled circles) declined far less,
reflecting a slower voltage-dependent mechanism (Im- channel regulation (Erickson et al., 2001; Peterson et
al., 1999). Hence, the functional effects of CaM1234, alongredy and Yue, 1994; Jones et al., 1998, 1999; Patil et al.,
1998). The difference between Ca2 and Ba2 relations with the FRET interaction between fluorophore-tagged
preIQ3-IQ and CaM1234 (Figure 1E), argued that the perti-(f, Figure 3A, bottom), which quantifies pure CDI, thus
confirmed robust CDI in population data. Finally, as a nent CaM is preassociated. Yet another similarity was
the reliance of R-type channel CDI upon the N-terminalcheck that the strong CDI observed here was strictly
related to a decrease in Ca2 buffering and not to relief lobe of CaM, as shown by coexpressing channels and
mutant CaMs with selective impairment of Ca2 bindingof an unanticipated “pharmacological effect” of 5 mM
EGTA to inhibit CDI (Figure 2B), we confirmed that 10 to either the N-terminal lobe (CaM12) or C-terminal lobe
(CaM34) of CaM (Figures 3C and 3D). In particular, ex-mM BAPTA, a rapid Ca2 chelator (Naraghi and Neher,
1997), also eliminated CDI of R-type channels (Figure pression of CaM34 entirely spared CDI (Figure 3C), while
CaM12 nearly eliminated CDI (Figure 3D) just as did2B, inset).
The strong sensitivity of R-type channel CDI to Ca2 CaM1234 (Figure 3B).
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Remarkably, with near physiological Ca2 buffering,
N-type channels also manifested a highly analogous
form of CDI, triggered preferentially by the CaM N-ter-
minal lobe (Figures 2C and 3E–3H). Here, the lower ap-
parent affinity of CaM1234 for the preIQ3-IQ segment of
N- versus R-type channels (Figure 1E) might predict
a reduced likelihood that CaM1234 would fully displace
endogenous CaM from preassociation sites. In agree-
ment, CaM1234 and CaM12 spared a small residuum of CDI
(Figures 3F and 3H). Nonetheless, the striking pattern
of overall agreement between R- and N-type channels
(Figures 3A–3H) clearly supports the existence of similar
underlying regulatory mechanisms.
ApoCaM/IQ Preassociation Impacts VDI
The remaining untested dimension of a common CaM
regulatory mechanism concerned the functional impact
of CaM/IQ interactions (Figure 1A) for R- and N-type
channels. Mutations disrupting CaM/IQ interactions in
both L- and P/Q-type channels eliminate their Ca2 regu-
lation (DeMaria et al., 2001; Zuhlke et al., 1999). Here,
IQ-5A mutations in R-type channels (Figures 1A and 4A,
1E/5A) not only had obvious effects on CDI, but the pat-
tern of actions—though initially mysterious—proved to
be especially instructive, as follows.
The effects of mutations in 1E/5A channels were not
limited to CDI but extended to Ba2 current decay kinet-
ics. The latter effects were particularly surprising be-
cause such Ba2 kinetics should be controlled by volt-
age-dependent inactivation, thought to be independent
of CaM/channel interactions (Alseikhan et al., 2002; De-
Maria et al., 2001). Specifically, in mutant 1E/5A channels,
Ba2 currents inactivated via two components (Figure
4A, black trace): a slow decay component resembling
that predominant in wild-type channels (Figure 3A), and
a fast component that was 20 times accelerated. Mu-
tant Ca2 currents also showed two phases of decay
(Figure 4A, gray trace): a slower component that was
substantially accelerated compared to its Ba2 counter-
part, and a seemingly identical fast component. Biexpo-
Figure 4. Disrupting CaM/IQ Interaction Affects R- and N-Typenential fit analysis supported these trends, as shown
Channel CDI and VDIfor population data (Figure 4A, below): the fractional
(A) Mutant R-type channel (1E/5A) inactivation. Here and throughoutamplitude of the rapid component (Afast) was closely sim- Figure 4, external Ba2/Ca2 was increased to 20 mM (Experimental
ilar in Ba2 and Ca2, suggesting a common origin for Procedures) to enhance resolution of mutant currents. Resulting
fast and slow components with different charge carriers; shift in surface potential caused exemplars and f values to be taken
the fast time constants were closely similar in Ba2 and at 40 mV. Top, exemplar currents; display format as in Figure
2A. Below, biexponential analysis of n cells, where currents wereCa2; and the slow time constants in Ca2 dipped below
normalized to unity at to (5–10 ms after pulse onset), and least-their Ba2 correlates, with a U-shaped profile expected
squares fit with Afast  exp[(t  to)/	fast]  (1  Afast)  exp[(t of CDI (Peterson et al., 2000).
to)/	slow]. Ba2 (filled circle); Ca2 (open circle).The mechanism underlying this constellation of effects (B) Restoration of mutant R-type (1E/5A) inactivation to control pro-
became obvious upon overexpressing wild-type CaM files by plasmid-mediated overexpression of CaMWT. Format as in
(CaMWT) with mutant 1E/5A channels, whereupon the cur- Figure 3A.
(C) Mutant N-type channel (1B/5A) inactivation. Format as in Figurerents were unexpectedly restored to an essentially wild-
3E, except for use of r300 (fraction of peak current remaining 300 mstype profile (Figure 4B). Considering the ultra-high selec-
after test-pulse onset) and f
 to accommodate ultrarapid VDI.tivity (Chao et al., 1984) of CaM for Ca2 over Ba2, the
(D) Return of mutant N-type (1B/5A) inactivation toward control byrestitution of wild-type Ba2 decay kinetics could almost plasmid overexpression of CaMWT. Format as in (C).
certainly be attributed to an action of overexpressed
apoCaM, very likely to repopulate apoCaM-less 1E/5A
channels by mass action. If so, then the functional signa- lations of channels, one with preassociated CaM (slow
component) and the other without (fast component).ture of channels lacking preassociated apoCaM is ul-
trafast VDI. Likewise, the biphasic Ba2 decay of mutant Endogenous levels of apoCaM would strongly favor pre-
association of CaM with wild-type 1E channels (Figure1E/5A channels expressed alone (Figure 4A) would be
the explicit electrophysiological resolution of two popu- 3A) but suffice to populate only a fraction (Figure 4A) of
Neuron
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mutant 1E/5A channels with diminished apoCaM affinity From Ca2 diffusion arguments (DeMaria et al., 2001;
Naraghi and Neher, 1997; Song et al., 1998), the implica-(see Supplemental Data at http://www.neuron.org/cgi/
tion is that the C-terminal lobe of CaM responds prefer-content/full/39/6/951/DC1, Section 2). Finally, in the ab-
entially to the activity of its associated Ca2 channel,sence of overexpressed CaMWT, the selective accelera-
whereas the N-terminal lobe detects aggregate activitytion of slow but not fast time constants by Ca2 (Figure
of more distant sources of Ca2. These are precisely4A) would indicate that only channels preassociated
the design features desired of a resident Ca2 sensorwith apoCaM can undergo significant CDI.
preassociated with Ca2 channels: not only should oneThese conclusions about new functional roles for apo-
reception mode be able to exploit physical proximity toCaM preassociation were further strengthened by the
the channel and respond to local Ca2 influx, anothereffects of IQ-5A mutations in N-type channels (1B/5A).
mode should still be capable of responding to moreMutant 1B/5A channels expressed alone exhibited a sin-
global Ca2 activity if feedback coordination amonggle, ultrarapid phase of Ba2 current decay and com-
larger signaling expanses is appropriate.pletely lacked CDI, as if the apoCaM affinity of mutant
A second general property of CaM/channel modula-1B/5A channels were small enough to render all channels
tion is revealed by the ultrafast VDI of mutant 1E/5A anddevoid of apoCaM (Figure 4C). Reassuringly, overex-
1B/5A channels (Figure 4), with its restoration to a wild-pressing CaMWT with mutant 1B/5A channels again re-
type kinetic profile by elevated CaMWT. These findingsstored Ba2 inactivation and CDI toward controls (Figure
provide strong experimental evidence that apoCaM-less4D). However, as might be expected from a lower apo-
Ca2 channels are marked by accelerated VDI (FigureCaM affinity of mutant 1B/5A channels, the restoration,
5B, state 1). Previously, it has been hypothesized thatthough strong, was incomplete. Intriguingly, the partial
apoCaM preassociation might slow L-type channel VDInormalization of Ba2 kinetics manifested as a single
(Pitt et al., 2001), based upon the acceleration of Ba2phase with intermediate kinetics, as if the equilibration
inactivation in L-type channels containing segmentalbetween CaM-preassociated and apoCaM-less 1B/5A
disruptions in the preIQ3 domain (Figure 1A), withinchannels is more rapid than fast Ba2 inactivation of
stretches where peptide/apoCaM hybridization assaysapoCaM-less channels (Neher and Steinbach, 1978).
show in vitro interaction (Pitt et al., 2001; Romanin etOverall, the functional effects of IQ mutations (Figure 4)
al., 2000). However, such cluster mutations or deletionsclearly demonstrate the importance of CaM/IQ interac-
could well induce higher-order distortions of channeltions in R- and N-type channel CDI, thus furnishing the
structure that speed VDI by mechanisms unrelated tofinal link in establishing the existence of a largely unified
dislodging preassociated apoCaM. Here, this standingCaM regulatory mechanism for the Ca2 channel family.
caveat is minimized because increased CaMWT restores
wild-type VDI kinetics to mutant1E/5A and1B/5A channels,Discussion
and the magnitude of the restoration is so large (Figure
4). If an analogous experiment could forge a clear linkEmerging Common Features of CaM Regulation
between apoCaM and VDI in L-type channels, our find-of the Ca2 Channel Family
ings here would serve to generalize this linkage as a
The profile of R- and N-type channel CDI established
conserved feature of CaV1-2 channels. In fact, inspiredby this study not only deepens our mechanistic under-
by the strong effects in R- and N-type channels, our
standing of these channel types in particular, this profile
recent work in L-type (1C) channels shows that thealso brings to light previously unclear but common fea- speeding of Ba2 inactivation by IQ-5A mutations
tures of CaM regulation relevant to multiple channels. (Zuhlke et al., 2000), though weaker than in R- and
First, from the Ca2 signaling perspective, the pattern N-type channels, is nonetheless entirely reversed by
of CaM lobe-specific modulation (Figure 3) implicates a overexpressing CaMWT (Erickson et al., 2003). Further-
simplifying principle of CaM signal detection (Figure 5A), more, in P/Q-type (1A) channels, IQ mutations also in-
as seen across the CaV1-2 family. Before this study, duce ultrarapid Ba2 inactivation (DeMaria et al., 2001).
it was first found that L-type channel CDI is triggered Though we did not previously ascribe the effect to dis-
selectively by Ca2 binding to the C-terminal lobe of ruption of preassociation, such an explanation now ap-
CaM (Peterson et al., 1999) and that such regulation is pears likely. In short, apoCaM interaction with the IQ
insensitive even to rapid Ca2 chelation by several mM region clearly presents here as a potent molecular deter-
BAPTA (Cens et al., 1999). Next, it was found that P/Q- minant of VDI across the Ca2 channel family, with func-
type channel CDI relies preferentially upon Ca2 binding tional impact rivaling or exceeding that for traditional
to the N-terminal lobe of CaM (DeMaria et al., 2001) and determinants on the channel backbone (Bernatchez et
that this modulation is eliminated by several mM EGTA al., 2001; Stotz and Zamponi, 2001; Zhang et al., 1994).
or BAPTA (Soong et al., 2002). Though intriguing, such Third, the current study implicates common features
CaM lobe-specific regulatory features could be taken about the mechanisms by which Ca2/CaM regulates
as case specific to certain channel contexts. Now, how- Ca2 channels. To begin with, the absence of CDI in
ever, given the profile of both R- and N-type channel mutant R- and N-type channels, as seen in Figure 4,
CDI (Figure 3), a remarkably consistent rule of CaM lobe- indicates that only upon apoCaM preassociation (Figure
specific functionality emerges (Figure 5A). Regardless 5B, state 2) can efficient CDI occur, likely in response
of channel type, be it CDI or CDF, regulation triggered to a shift of preassociated CaM to a CDI-effector site
by the C-terminal lobe of CaM is invariably insensitive (Figure 5B, state 4). Otherwise, direct transitions from
to internal Ca2 buffering. Conversely, whenever the N-ter- states 1 to 4 should permit soluble endogenous CaM
minal lobe of CaM predominates, the pertinent modula- to sustain CDI in the mutant channels. Such a deduction
also fits with the ability of CaM1234 to inhibit CDI (Figuretion is eliminated by modest Ca2 buffering with EGTA.
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Figure 5. General Features of CaM Regula-
tion in the CaV1-2 Family
(A) Emergent organizing principle of CaM
lobe-specific signal detection. EGTA sensitiv-
ity, strong blunting of regulation by 5 mM in-
ternal EGTA; BAPTA insensitivity, strong
preservation of regulation in 10 mM internal
BAPTA. References: a, DeMaria et al. (2001);
b, Soong et al. (2002), but see Lee et al. (2000);
c, Peterson et al. (1999); d, Cens et al. (1999).
(B) Deduced model of CaV1-2 regulation by
CaM. As the CaM N-lobe triggers R- and
N-type CDI (state 4) and the C-lobe initiates
L-type CDI (Peterson et al., 1999) (state 3), it
may be that states 3 and 4 correspond, in
general, to Ca2/CaM effector sites for C- and
N-lobe signaling. Given preference of region
A (Figure 1A) for Ca2-dependent binding to
the N-lobe (Pitt et al., 2001), the state 4 ef-
fector site is sketched accordingly. Lack of
CDI in mutant R- and N-type channels show-
ing fast Ba2 inactivation argues against di-
rect transition between states 1 and 4.
3). Another new feature follows from the strong restora- (Kd  12,000 nM) peptides (Figure 1) would predict only
partial or negligible CDI restoration of respective mutanttion of CDI in mutant R- and N-type channels by CaMWT
(Figure 4). This result suggests that the Ca2/CaM ef- R- and N-type channels, in contradiction to actual results
(Figure 4). Interestingly, our parallel work with mutantfector site for CDI resides outside the IQ element (Figure
5B, state 4, mediated by CaM N-terminal lobe). If not, L-type (1C/5A) channels indicates that CaMWT overexpres-
sion restores little CDI, despite replenished apoCaMand Ca2/CaM binding to the IQ were to trigger CDI
(e.g., Figure 5B, state 3), the markedly reduced Ca2/ preassociation (Erickson et al., 2003). Because mutant
IQC/5A peptide shows 150-fold reduced Ca2/CaM affinityCaM affinities of mutant IQE/5A (Kd  648 nM) and IQB/5A
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(Zuhlke et al., 2000), this scenario fits with the IQ as Ca2/ complexes. CaV1-2 Ca2 channels are heteromultimers
comprised of at least 1, , and 2 subunits (Dunlap etCaM effector site for L-type CDI (Zuhlke et al., 1999, 2000)
(Figure 5B, state 3, mediated by CaM C-terminal lobe). al., 1995), where the pore-forming1 specifies the overall
channel type, while the  subunit isoform specifies de-More broadly, these exquisite variations illustrate some
of the interrelated distinctions that will emerge among tailed gating kinetics. In the present study, we have used
the 2a subunit to slow VDI and maximize resolution ofstructurally similar but functionally divergent forms of
CaM regulation that can now be recognized to extend CDI (DeMaria et al., 2001). Given the wide distribution
of 2a subunit in neurons (Scott et al., 1996) and theiracross the CaV1-2 family (Figure 5). This collection of
closely related regulatory forms may well serve as a rich prevalence in many neurosomatic Ca2 channel currents
(Mermelstein et al., 1999), it is likely that the functionalresource for mechanistic discovery, much in the spirit
of classic comparative physiology. CDI profiles defined here will be broadly applicable in
various neuronal settings. By contrast, channels con-
taining  subunit isoforms that favor rapid VDI couldRelation to Previous Studies
diminish the relative importance of CDI (Lee et al., 2000).This study provides simple potential explanations for the
For example, when N-type channels contain the preva-diverse findings of R- and N-type channel Ca2 regulation
lent 3 subunit (Scott et al., 1996), they are dominatedin earlier work. To start, the finding that CDI in R-type
by preferential closed-state inactivation, a very rapidand N-type channels is sensitive to intracellular Ca2
form of VDI where inactivation occurs preferentially fromchelation—prevalent with 0.5 mM intracellular EGTA but
closed states (Jones et al., 1999; Patil et al., 1998). Byabsent with 5 mM EGTA (or 10 mM BAPTA)—does much
comparison, CDI in this setting is sufficiently slow so asto explain the varied outcomes in different reports. Pre-
to become inapparent (Patil et al., 1998). Overall, chan-vious investigation that employed weak intracellular
nel auxiliary subunit composition provides a powerfulCa2 buffering, mostly in neurons, reported CDI in these
mechanism by which the relative balance between CDIchannels (Cox and Dunlap, 1994; Martini et al., 2000).
and VDI can be fine-tuned to local physiological require-By contrast, when stronger intracellular Ca2 buffering
ments.was used, there has been no clear evidence of CDI
(Bernatchez et al., 2001; Cens et al., 1999; de Leon et
al., 1995; Jones et al., 1998, 1999; Meuth et al., 2002; Patil New Biological Questions
From the neurobiological perspective, R- and N-typeet al., 1998; Zhou et al., 1997). In the case of recombinant
channel expression studies, most of the experiments channels support multiple core functions including neu-
rotransmitter release (Dunlap et al., 1995), Ca2 entryhave understandably utilized stronger buffering. In the
Xenopus oocyte system, high concentrations of intracel- into dendritic spines (Sabatini and Svoboda, 2000), and
pain signaling (Saegusa et al., 2000). Thus, the adventlular BAPTA are required to supress Ca2-activated Cl
currents that would otherwise obviate quantification of of widespread and mechanistically defined Ca2 regula-
tion in R- and N-type channels broadens significantlyCa2 current inactivation (Neely et al., 1994). This re-
quirement has not been considered an impediment to the neurobiology of Ca2 feedback. Our finding that the
CDI of these channels is already strong with 0.5 mMthe study of Ca2 channel regulation because robust
CDI of recombinant L-type channels is still present in intracellular EGTA predicts that inactivation in the native
setting could be even more striking, given that the intrin-BAPTA-injected oocytes (Neely et al., 1994). Likewise,
in mammalian cell expression systems, moderate-to- sic Ca2 buffering capacity in many neurons is probably
several-fold lower (Jackson and Redman, 2003; Naraghistrong Ca2 buffering spares L-type channel CDI (de
Leon et al., 1995) while tending to minimize channel and Neher, 1997). By contrast, such CDI may not be
universally prominent, as certain cells like cerebellarrundown; hence, many mammalian-cell studies of re-
combinant R- and N-type channel CDI have continued Purkinje neurons possess considerably higher intrinsic
Ca2 buffering (Fierro and Llano, 1996). Finally, the neu-the use of moderately strong buffering (de Leon et al.,
1995; Jones et al., 1999; Patil et al., 1998). In retrospect, robiological implications of this study may extend be-
yond the dimension of Ca2 regulation, as alterations ingiven the perspective of CaM lobe-specific signaling in
the present study (Figure 5A), we can now appreciate ambient CaM concentration (Takuwa et al., 1995; Tran
et al., 2003) could furnish a currently unrecognized formthat these recombinant-channel studies were able to
resolve L-type channel CDI because it is mediated by of VDI modulation.
The most wide-ranging biological implication con-the C-terminal lobe of CaM (buffer insensitive), whereas
these same studies were blinded to forms of Ca2 regu- cerns the general schema for CaM lobe-specific Ca2
detection, summarized in Figure 5A. To our knowledge,lation mediated by the N-terminal lobe of CaM (buffer
sensitive). Historically speaking, it is worth recalling that, such a simple and potentially profound rule of CaM
operation is without precedent. As CaM is arguably onein the invertebrate neurons from which the classic un-
derstanding of Ca2 channel CDI was obtained (Eckert of the most important transducers of intracellular Ca2
signals (Persechini and Stemmer, 2002), it will be impor-and Tillotson, 1981), Ca2 current inactivation was mark-
edly slowed upon intracellular injection with EGTA. Pre- tant to explore whether this paradigm of CaM lobe-
specific function extends beyond Ca2 channels to othersumably, these invertebrate neuronal Ca2 channels are
analogs of the mammalian CaV2 family, with CDI trig- Ca2-sensitive molecules that harbor preassociated
CaM as an onboard Ca2 sensor. Considering the com-gered by the N-terminal lobe of CaM.
Another important factor that could contribute to the plexity and importance of decoding Ca2 signals (Ber-
ridge, 1997), the existence of such a unifying principlediversity of prior CDI results for R- and N-type channels
is the type of auxiliary  subunit present in Ca2 channel would prove most valuable.
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Experimental Procedures (0.5–5  108 viral particles/ml). Bath solution: TEA-MeSO3, 140 mM;
HEPES (pH 7.3), 10 mM; and CaCl2 or BaCl2, 5 mM; 300 mOsm,
adjusted with glucose. Internal solution: Cs-MeSO3, 135 mM; CsCl,Molecular Biology
For rat 1E and human 1B subunits (Jones et al., 1998, 1999), alanine 5 mM; EGTA (0.5 or 5 mM), or BAPTA, 10 mM; MgCl2, 1 mM; MgATP,
4 mM; and HEPES (pH 7.3), 10 mM; 290 mOsm, adjusted with glu-mutations (Figures 1B and 1C) were made in the IQ region by over-
lap-extension PCR (DeMaria et al., 2001). Respective combination cose. To resolve 1E/5A and 1B/5A (Figure 4), bath solution contained
20 mM BaCl2 or CaCl2 with TEA-MeSO3 decreased to 117.5 mM.PCR products of 1576 and 1818 bp spanned the stop codon to
unique internal StuI or XhoI sites. These products were subcloned Voltages uncorrected for a 11 mV junction potential (DeMaria et
al., 2001), with seals made in Ba2 bath solution; true voltage mayinto rat 1E/pGW (Jones et al., 1998) (British Biotechnology) and
human 1B/pcDNA3 (Jones et al., 1999) (Invitrogen) by StuI-KpnI or be obtained by subtracting 11 mV from reported values. Currents
filtered at 2 kHz and sampled at 10 kHz; series resistance typicallyXhoI-XbaI sites. Generation of YFP/CFP-tagged CaMWT and CaM1234
was as described (Erickson et al., 2001). CFP was fused to CI seg- 1–2 M after 70% compensation; leaks and capacitive transients
subtracted by P/8 protocol. Test pulse depolarizations deliveredments (Figures 1A and 1D) by replacing CaMWT in CaMWT-CFP with
PCR-amplified channel fragments. The resulting linker separating every 60 s. All average data presented as meanSEM, after analysis
by custom-written software in MATLAB (MathWorks). Smooth-curveCFP from the channel segment was AAA. Fluorophore-tagged seg-
ments and CaM were subcloned into pcDNA3. All PCR products fits to data by eye, except where noted (Figures 1 and 4A).
were sequenced in entirety.
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